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OPTIMIZING AN ORDER OF EXECUTION
OF MULTIPLE JOIN OPERATIONS

This application 1s based on and claims the benefit of
priority from United Kingdom (GB) Patent Application
1221783.2, filed on Dec. 4, 2012, and herein incorporated by

reference in 1ts entirety.

BACKGROUND

The present mvention relates generally to the field of
database systems. More specifically, the present invention 1s
related to a method and system for optimizing the order of
execution of multiple join operations.

Relational databases systems allow a database user to
enter queries into the database and return the data that meets
the conditions of the query. The data present within the
database system 1s 1n one or more tables or relations. Each
relation consists of a number of records or tuples containing,
specific 1nformation possibly grouped 1 some ordered
sequence. Each tuple consists of one or more fields called
attributes. In any single attribute of a tuple there can be only
a single value. However, each tuple can have a different
value for the same attribute.

Some characteristics of a database relation are typically
maintained. For example, the database system may maintain
the cardinality, the density and the number of distinct values
of each relation. Cardinality 1s the number of tuples or
records 1n a table, especially the number of rows of a table.
The number of distinct values 1s the number of distinct
values of a given attribute or set of attributes. The density 1s
the average number of tuples per distinct value.

SUMMARY

A computer-implemented method, system, and/or com-
puter program product optimizes an order of execution of
multiple join operations of a first data column and a second
data column in a database system having multiple process-
ing units. A first partitioning of the first data column splits
the first data column into first subsets of rows. A second
partitioning of the second data column splits the second data
column into a plurality of second subsets of rows. Cardi-
nalities of sub-tables derived by a respective joining of the
subsets of rows of the first and second data columns are
estimated. An order of execution of multiple join operations
1s then optimized based on the estimated cardinalities of the
sub-tables.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

In the following, preferred embodiments of the mnvention
will be described 1n greater detail by way of example, only
making reference to the drawings 1n which:

FIG. 1 shows schematic representation of an exemplary
architecture for a MPP database system:;

FIG. 2 shows a schematic diagram of data flow within the
database system:;

FIG. 3 shows a schematic representation of statistical
information stored in the statistics unait;

FIG. 4 shows an example of inner-join-operation;

FIG. 5 shows an example of left-outer-join-operation; and

FIG. 6 shows a schematic representation of an inner-join-
operation within a MPP system.

DETAILED DESCRIPTION

As will be appreciated by one skilled 1n the art, aspects of
the present invention may be embodied as a system, method
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2

or computer program product. Accordingly, aspects of the
present invention may take the form of an entirely hardware
embodiment, an enftirely software embodiment (including
firmware, resident software, micro-code, etc.) or an embodi-
ment combimng software and hardware aspects that may all
generally be referred to herein as a “circuit”, “module™ or
“system”. Furthermore, aspects of the present invention may
take the form of a computer program product embodied in
one or more computer readable medium(s) having computer
readable program code embodied thereon. Any combination
of one or more computer readable medium(s) may be
utilized. The computer readable medium may be a computer
readable signal medium or a computer readable storage
medium. A computer readable storage medium may be, for
example, but not limited to, an electronic, magnetic, optical,
clectromagnetic, infrared, or semiconductor system, appa-
ratus, or device, or any suitable combination of the forego-
ing. More specific examples (a non-exhaustive list) of the
computer readable storage medium would include the fol-
lowing: an electrical connection having one or more wires,
a portable computer diskette, a hard disk, a random access
memory (RAM), a read-only memory (ROM), an erasable
programmable read-only memory (EPROM or Flash
memory ), an optical fiber, a portable compact disc read-only
memory (CD-ROM), an optical storage device, a magnetic
storage device, or any suitable combination of the foregoing.
In the context of this document, a computer readable storage
medium may be any tangible medium that can contain, or
store a program for use by or 1n connection with an nstruc-
tion execution system, apparatus, or device.

A computer readable signal medium may include a propa-
gated data signal with computer readable program code
embodies therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electro-
magnetic, optical, or any other suitable combination thereof.
A computer readable signal medium may be a computer
readable medium that 1s not a computer readable storage
medium and that can communicate, propagate, or transport
a program for use by or in connection with an instruction
execution system, apparatus, or device.

Program code embodied on a computer readable medium
may be transmitted using any appropriate medium, includ-
ing but not limited to wireless, wireline, optical fiber cable,
RF, etc., or any suitable combination of the foregoing.

Computer program code for carrying out operations for
aspects ol the present mmvention may be written 1n any
combination of one or more programming languages,
including an object oriented program language such as Java,
Smalltalk, C++ or the like and conventional procedural
programming languages, such as the “C” programming
language or similar programming languages. The program
code may execute entirely on the user’s computer, partly on
the user’s computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be
connected to the user’s computer through any type of
network, including local area network (LAN) or a wide area
network (WAN), or the connection may be made to an
external computer (for example, through the Internet using
an Internet Service Provider).

One operation performed by a database system 1s known
as a join operation. A join operation 1s used to combine
related tuples from two relations into single tuples. Typi-
cally, the join operation matches tuples from two relations
on the values taken from each relation on a common
attribute and creates a joined table or relation. If another
relation needs to be joined with the result relation, the result
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relation may be referred to as an intermediate relation
because it 1s created in the process ol generating a result
relation.

A query entered into a relational database system may
result 1 multiple operations being performed. In many
cases, the operations of the query can be performed in
several different orders without changing the result of the
query. Each possible order of operations 1s referred to as a
query execution plan. There may be several alternative
query execution plans, each specilying a set of operations to
be executed by the database system. Each different query
execution plan will have a different resource usage, 1.e.
processing time, memory usage etc.

Relational database systems typically include a compo-
nent called a query optimizer. The query optimizer may
identily several query execution plans, estimate the cost of
cach different query execution plan, and select the plan with
the lowest estimated resource usage for execution. Query
plans generated for a query will differ in their resource usage
of obtaining the desired data. The query optimizer evaluates
these resource usage estimates for each query plan in order
to determine which plan 1s likely to have the lowest resource
usage.

The join operation can be quite expensive, since joining,
together two or more entire relations can result 1n a very
large relation. When multiple join operations are present 1n
a query, the resource usage of a bad execution plan may
increase dramatically. It 1s important for the query optimizer
to 1dentily a query execution plan that minimizes resource
usage. The order of multiple joins chosen by the query
optimizer 1s often a key factor 1n the ultimate resource usage
of the query execution plan.

In case of massive parallel processing (MPP) environ-
ment, 1.e. a computing environment comprising multiple
processing units for handling e.g. queries, one of the impor-
tant factor 1n optimizing the query execution plan 1s distri-
bution of the data among all processing units. During the
execution of the query, the distribution of data to the
respective processing units may be changed. Especially
performing multiple join operations, data may be redistrib-
uted to the respective processing units several times during
one query execution.

Such redistribution of the data between processing units
during query execution may lead to an intermediate data
skew, 1.e. at least one processing unmit got significantly more
data than other processing units. The significant mismatch of
workload of the processing units leads to an increased time
to finish whole query execution because all other processing,
units has to wait until the overloaded processing unit has
finished processing.

Theretfore, 1t would be advantageous to have a mechanism
for estimating the workload of each processing unit and
optimize the order of execution of multiple join operations
in order to avoid intermediate data skew.

Referring to FIG. 1, a schematic representation of an
exemplary architecture for a large database system 1 1is
shown. The database system 1 includes a database manage-
ment system (DBMS) built upon a massively parallel pro-
cessing (MPP) system 4.

As shown, the database system 1 comprises at least one
client system 2 which 1s connected via network 3 to the MPP
system 4. The MPP system 4 comprises multiple processing
units Sa-5¢ that manage the storage and retrieval of data in
data-storage entities 6a-6¢c. Each of the processing units
5a-5¢ manages a portion of a database that 1s stored 1n the
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4

corresponding data-storage entity 6a-6¢. Each of the data-
storage entities 6a-6¢ includes one or more disk drives or
other storage media.

The MPP system 4 stores data in one or more tables in the
data-storage entities 6a-6¢. To ensure an evenly distributed
workload, the tables are partitioned 1n several subsets of
rows wherein each subset of data 1s stored within a particular
data-storage entity 6a-6¢ and therefore 1s associated with a
particular processing unit 3a-5c.

A parsing entity 7 organizes the storage of data and the
distribution of data among the processing units 5a-3c,
respectively, the data-storage entities 6a-6¢. The parsing
entity 7 also coordinates the retrieval of data from the
data-storage entities 6a-6¢ 1n response to queries received
from the client computer system 2 connected to the MPP
system 4 through the network connection 3.

A request entered into the relational database system 1
may result 1n multiple operations being performed. Espe-
cially multiple join operations can be performed 1n several
different orders without changing the result of the query, but
the execution order may aflect the query performance 1n a
tremendous way. Theretfore the relational database system 1
may comprise a component for optimizing multiple join
operations, called query optimizer 10, to determine the
proper order of the join operations which leads to an optimal
usage of system resources of the MPP system 4.

In MPP systems 4 an important factor to be optimized by
the query optimizer 10 1s the distribution of data among the
available processing units 5a-5¢ 1n such way that the join
operations performed by the particular processing units
5a-5¢ provide sub-tables with a low spread of cardinality,
1.¢. there 1s no significant variance in the number of rows of
the particular sub-tables. Thereby 1t may be avoided that an
overloaded processing unit needs much more time for pro-
cessing the joimn-operation, whereas the other processing
units have to wait until the overloaded one has finished
processing the operation.

S0, one of the most important information for optimizing
the order of execution of a multiple join operation in an MPP
system 4 1s to estimate the number of rows, 1.e. the cardi-
nality of the resulting sub-table derived by joining a subset
of rows of a first data column with a subset of rows of a
second data column, hereinafter also referred to as joined
sub-table. The number of rows of a joined sub-table 1s
basically aflected by the spread of data within the subsets of
rows, 1.¢. the number or frequency of distinct attribute values
within the respective subset of rows.

For estimating the cardinality (1.e., the number of tuples
or records 1n a table, especially the number of rows of a
table) of the joined sub-tables, a set of value frequency
information 1s provided. A first set of value Irequency
information 1s correlated with the first data column being
involved 1n join-operation and provides information about
the data of the subsets of rows of the first data column
processed within each processing unit. Preferably, the first
set of value frequency information indicates the frequency
ol attribute values of the subsets of rows of the first data
column processed within each processing unit.

Similarly, a second set of value frequency information 1s
correlated with the second data column being imnvolved 1n
join-operation and provides information about the data of
the subsets of rows of the second data column processed
within each processing unit 3a-5¢. The second set of value
frequency information indicates the frequency of attribute
values of the subsets of rows of the second data column
processed within each processing unit Sa-5c¢. In other words,
value frequency information 1s provided for each data col-
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umn being mvolved 1n join-operation and for each process-
ing unit of the MPP system 4 to enable the determination of
spread ol attribute values of each data column on the
respective processing units.

For example, a first table comprises at least a first data
column and a second table comprises at least a second data
column. When partitioning the tables on a MPP system 4
comprising three processing units Sa-5¢, respectively three
data-storage entities 6a-6c¢, the first and second data column
will be split 1n three subsets of rows, wherein each subset of
rows of the first and second data column will be processed
by a different processing unit 5a-5c¢. Each processing unit
will be correlated with first and second value frequency
information indicating the spread of attribute values of the
first, respectively, the second data column on the respective
processing unit.

The value frequency imnformation indicating the spread of
attribute values within each subset of rows of the first and

second data column may be dernived by building regular
histograms for each subset of rows. Preferably the statistical
information 1s derived by using a query feedback based
algorithm, wherein prior processed queries are used to
interpolate the spread of data by means ol an algebraic
function.

In the following, the generation of the algebraic function,
hereinafter also referred to as density distribution function,
1s explained 1n detail, wherein the subset of rows of the first
data column 1s represented by R and the subset of rows of
the second data column 1s represented by S. The joined
sub-table which 1s the result of the JOIN-operation based on
R and S 1s denoted by T.

il

The cardinality, 1.e. the number of rows of

sub-table T may be estimated based on density ¢

a joined
1stribution

functions 1(x), g(x), wherein the first density ¢

1stribution

functions 1(x) 1s representing the spread of data within the
subset of rows of the first data column R and the second
density distribution functions g(x) 1s representing the spread
of data within the subset of rows of the second data column
S. Preferably, the density distribution functions 1(x), g(x) are
integrable functions on the whole domain of possible values.
Assuming the density function 1(x) has been already defined,
obtaining the exact number of rows of the correlated subset
of rows of the first data column R meeting a certain critena,
e.g. X <X <x___ can be calculated by integrating {(x):

Xmax
f f(x)dx;
Xmin

Approximated density distribution functions 1(x), g(x) can
be derived by using a query feedback based algorithm. At
the beginning 1t 1s assumed that the data are evenly spread
across all values betweenx_ . and x, .. So, at the beginning
f(x) 1s represented by a constant value, which can be
calculated by:

(formula 1)

total number of rows 1n the subset (formula 2)

fx) =

= CORSI.,
|-xmm: — xminl

After execution of a query based on the subset of rows of
the first data column R, 1.e. select . . . from R where
attribute<valuel (valuel€[x, . ;x_  ]), an information about
the exact number of rows k contained within the range
x<valuel can be deduced. So, the density distribution func-
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6

tions 1(x) 1s evaluated by resolving the following equation
(assuming the linear independence of the sub-equations):

([ _ (formula 3)
f f (x)dx = total number of rows in the subset
X

alue 1
177 seoan =
Xmin

Using the query feedback algorithm, each time a new
query 1s executed, a new condition 1s added to the equation
defining the density distribution. In a generalized way, the
formula can be written as:

(w0 (formula4)
ﬁ J(x) =ko

In other words, by usage of the query feedback algorithm,
single values of the exact density distribution function 1(x)
are determined. The feedback of those values 1s used to
gather and—ypreferably—improve the density distribution
function 1(x). To derive an integrable function needed for
calculating the number of rows (ci. formula 1), the exact
density distribution function 1(x) 1s approximated by a
polynomial with order (M-1) using M derived values. The
polynomial may have the following structure:

M-1

fxX)=ap+a1x+ x> + ...+ ay_ XM (formula 5)

A person skilled 1n the art 1s able to obtain the polynomial
based on the set of values M derived by using the upper
mentioned query feedback algorithm.

The density distribution function g(x) of the subset of
rows of the second data column S 1s determined in the same
manner by using query feedback algorithm. As a result, the
number of rows containing a certain range of numerical
values can be estimated by integrating the respective density
distribution function 1(x), g(x) within said range.

Coming back to the above described MPP-system 4, 1
density distribution functions are available for analytically
characterizing the frequency of distinct attribute values
processed by the respective processing units 5a-3Sc, upper
mentioned set of value frequency information may be
described as a vector of density functions:

(f1. f2s -0 Sy

wherein: A 1s indicating a certain partitioning, 1.¢. a certain
distribution of rows ol the respective column within
available processing units;
n 1s the number of processing units available 1n MPP-
system; and
t. 1s the density distribution function for data processed by
processing unit 1;
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It 1s worth mentioning, that the vector of density functions
mainly depends on the partitioming of data within available
processing units, 1.e. the mapping of the subset of rows of the
data column to the available processing unaits.

Assuming that a certain data column being part of a table
comprising a plurality of data columns. The partitioning of
the table, 1.e. the distribution of data of the table among the
available processing units 5a-5¢ may be performed using a
certain data column as a hash key. This means that all rows
with the same attribute value 1n the data column used as hash
key will be mapped to the same processing unit. During,
execution ol multiple join operations 1t may happen, that the
query optimizer decides to redistribute the table using
another data column as a hash key. After redistribution the
value frequency information derived for the previously
existing partitioning becomes worthless, because the distri-
bution of data may have changed completely. Therefore
value frequency imformation 1s provided not only for a single
partitioning but also for at least several, preferably the
commonly used partitiomings. Therefore estimating the car-
dinalities of sub-tables may be possible for all frequently
used partitionings.

A second aspect which influences the number of rows of
a joined sub-table 1s the number of unique values u._, u.,,
u. . within the first and second subset of rows to be joined.
The number of rows of the first and second subset of rows
may be estimated by using a sample of data, by determining,
the number of unique values u. _, u.,, u. . within the sample
of data and by extrapolating the number of unique values
within the whole subset of rows by using the information
gathered for the sample. Preferably, the data are sampled
during query execution, 1.e. the information 1s gathered
just-in-time during query execution.

FIG. 2 shows a schematic flow chart depicting the data
flow within the database system. A statistics unit 100 1is
storing statistical information 105a-105¢ for each process-
ing unit 5a-3¢. Those statistical information 105a-105¢ can
be derived by sampling the data or by using query feedback.
For example, particular statistical information 105a-105¢ 1s
related to a particular processing unit 5a-3c¢, respectively, to
a particular partitioning of table data and comprises for each
column of a table the number of unique values obtained by
sampling the data and value frequency information obtained
by using query feedback algorithm. It 1s also possible to
store further statistical information, for example minimum
and maximum values, the dispersion of data etc. The sta-
tistical information can be provided to the query optimizer
10, which preferably gathers an execution plan based on
statistical 1nformation. The execution plan preferably
defines the order of cascaded join-operations to optimize the
query performance. Finally, the query 1s executed based on
the execution plan provided by the query optimizer 10.

FIG. 3 shows an example of statistical information stored
in the statistics unit 100. Assuming that a table containing
two data columns coll, col2 with a certain number of rows
1s stored 1n a MPP-system 4 comprising three processing
units Sa-5¢, two commonly used partitionings may be avail-
able, namely a first partitioning I using the first data column
coll as a hash key and a second partitioning II using the
second data column col2 as a hash key. Therefore 1t may be
advantageous to store statistical information for both parti-
tiomngs I, II within the statistics unit 100. Each data set
correlated with a certain partitioning I, II comprises two data
vectors. The first data vector comprises first value frequency
information 1., 1.,, 1., respectively, second value fre-
quency information g._, 2-,, 2. for each processing unit
S5a-5¢, the second data vector comprises the number of
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unmique values u-_, us,, U< use of the subset of data pro-
cessed by the particular processing unit 5a-5¢. As indicated

above, 1t 1s also possible to store further statistical informa-
tion, for example mimmum and maximum values, the dis-
persion of data etc.

Based on said statistical information of data related to a
particular processing unit it may be possible to estimate the
number of rows, 1.e. the cardinality of a sub-table generated
by a particular processing unit Sa-5¢ when processing a join
operation based on a first and second data column coll,
col2.

In the following, several possibilities for estimating the
number of rows based on upper mentioned statistical infor-
mation will be disclosed in a generalized way.

FIG. 4 shows an example for joining first and second data
column R, S by the most commonly used 1nner-join-opera-
tion. The resulting joined table T 1s also shown.

To estimate the number of rows of the joined table T by
using an inner-join-operation, 1.e. the resulting joined table
T contains all values, which are contained in both tables to
be joined, the following equation can be used:

Fia, b) = (formula 6)
( { i+1 Xiy] )
n—1 | ma f f(x)dx, 0] max{ f g(x)dx, 0]
Z \ ”jl " HE / )
1=0)
max(m:"l, m:"z)
wherein x,=a;
X, =Db;
Xie[a:b];
1(x): density distribution function of the first data column
R;
g(x): density distribution function of the second data
column S;

a, b: starting row and end row of the respective columns
which are incorporated into the join.

u,’: number of unique values of the first data column R in
the respective interval 1;

u,”: number of unique values of the second data column
S 1n the respective interval 1;

F(a,b): estimated number of rows of the resulting joined
table T by joining first and second data column R, S 1n
the interval [a,b].

The first term

ma){ f e f(x)dx, 0]

i
Uy

within formula 6 represents the average number of rows per
unique value 1n the [X ;X , ]-section for the first data column
R, the second term

Ai+1
max{ f g(x)dx, D]
7

within formula 6 represents the average number of rows per
unique value i the [Xx;:X. ,]-section for the second data
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column S. The third term max(u,’,u,’) is for deriving the
maximum value of the numbers of umique values contained
in the [x;;X,,,]-sequences of the first and second data col-
umn.

Formula 6 can be simplified in the following way:

Fila, b) = (formula 7)

( i+l i+l )

n—1 max:( f f(x)dx, 0] max( f g(x)dx, 0]
il . e i . i

Z \ L) 2 )

1=0

max(m"l : ué) =

f(x)dx, O] .df:max{fIM g(x)dx, 0]] 2

maK(Hi : Mfz)

n—1
Ai+1
ma
.
i=0) ‘

i ]
Hl *Hz

- max{ f Flx)dx, U]:fcma){ f g(x)dy, U]

Imn(mtl | Hz)

According to formulas 6 and /7, the interval between the
starting row a and the end row b 1s sub-divided 1n n sections
or segments, wherein n 1s a natural number N. Preferably the
sections are chosen according to the roots of the first and
second density distribution function 1(x), g(x), 1.e. the set of
X, contains at least all roots of the first and second density
distribution function 1(x), g(x). To adjust the accuracy of the
result of the estimation of number of rows of the joined table
T, 1.e. to adjust the accuracy of the join estimation to the
required level, the number of sections n can be adapted. For
achieving a high accuracy, the number of sections n 1is
increased. In contrary, in cases where a join estimation with
a lower accuracy 1s acceptable, the number of sections n can
be decreased.

The number of sections n can also be determined 1n a
more sophisticated way. The differential of the density
distribution function can be used to determine the stiflness
of the density distribution function. Preferably the following
equation could be used to determine the beginning of the
next section:

C (formula 8)

| f7 (xi- 1)

X; =X, +

wherein x =starting value of next section;

X._,=starting value of actual section;

c=constant over the hole domain [a, b];

f'(x)=diflerential of the density distribution function 1(x).

The main advantage of using the stiflness of the density
distribution function to determine the section grid is that
regions with a high stifiness of density function are corre-
lated with smaller sections and regions with a lower stiflness
are represented by major sections.

In a similar way, the number of rows of the joined table
T generated by using other types of joins, namely left-outer-
j01n, right-outer-join and cross join may be estimated.

Referring to FIG. 5, an example for joimning first and
second data column R, S by left-outer-join-operation 1s
shown. For example, 1n left-outer-join-operation we have to
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consider intervals 1n which second data column S does not
have rows. In other words, 1f there 1s a row with value A 1n
first data column R, and there 1s no such row 1n second data
column S, resulting joined table T will contain this row with
“nulls” 1n the columns taken from second data column S.

To estimate the number of rows of the joined table T by
using a left-outer-join-operation, the following equation can
be used:

(formula 9)

Fla, b) =

( i+1 Xit1 )

n—1 mam{ f f(x)dx, 0] max{ f g(x)dx, 1]
% - H# ul - H#

Z \ 2 1y )

1=0

max(m:il \ L{Ez)

The difference between formula 9 (left-outer-join-opera-
tion case) and formula 6 (1nner-join-operation case) 1s the
value “1” instead of value “0” in the second maximum
function. The reason for that are the cases where there are no
rows 1n the second table 1n the respective sequence [X;X,, ].
In those cases all rows from first data column R with null on
the right side should be included into resulting joined table

T (cf. FIG. 5).

Formula 9 can be simplified in the following way:

Fila, b) = (formula 10)

( Xitl i+1 )

n—1 max( f f(x)dx, 0] maw{ f g(x)dx, 1]
i . # n . #

Z :k i iy ;

=0

ma}{(ujl : ME) =

n—1
Z[mm{fm f(x)dx, G]#:max[ijﬂg(x)dx, 1]]@:
i=0 K K

max(mtfl, ué)

Uy * Uy

- max( f £ (o), O]max[ f ¢(0)dx, 1]

nun(m:l \ Hz)

= D

[ f i+l 3
f g(x)dx

Xt 1
Zma f i f()dx, 0| «max] ————, 1
e xj \ Imn(”ia HIZ) A

The case of right-outer-join operation 1s similar to the
left-outer-join operation in the way that we have to consider
intervals 1n which first data column R does not have rows.
In other words, 1f there 1s a row with value A 1n second data
column S, and there 1s no such row 1n first data column R,
resulting joined table T will contain this row with “nulls™ in
the columns taken from the first data column R.

To estimate the number of rows of the joined table T by
using an right-outer-join-operation, the following equation
can be used:
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Fa, b) = (formula 11)

( i+1 Xit1 3

n—1 max[ f f(x)dx, 1] max[ f g(x)dx, U]
il . € Ii . #

: :k 7 it ;

=0

max(i,, uh) =

n—1
Z(max{fxm f(x)dx, l]ﬁcmav{fjﬂg(x)dx, O]] *
— X X;

max(u:"l : uiz)

Ly ® Uy

- max{ f Fx)dx, l]ﬁcmax( f o(x)dx, 0]

mines] , uh)

—'D

n—1

a:max[ f s g(x)dx, 0]

=0

Comparing formula 11 with formula 10, formula 11 1s the
reversed 1mage ol formula 10.
Also the number of rows of a table denived by using

cross-join-operations may be estimated similarly. By using
the cross-join-operation, all rows of the first data column R
will be jomed with all rows of the second data column S.
Cross-joimn-operation returns the Cartesian product of rows
from columns in the join. In other words, 1t will produce
rows which combine each row from the first data column R
with each row from the second data column S. Therefore, the
number of rows of the cross-joined table T can be estimated
using the following equation:

Fila, b) = (formula 12)

| m—1
Z max[ e f(x)dx, 0] $Z max{fym g(x)dx, 0]
=0 M i=0 Vi

wherein X,=y,=a;

X =y _=b;

Xi!YiE[a:b] ;

It 1s worth noting that 1n formulas 6, 7, 9, 10 and 11 the
number of unique value u,,u,=0.

By means of FIG. 6 the usage of number of row-
estimation for optimizing the order of multiple join opera-
tions will be explained.

FIG. 6 shows a particular partitioning of first and second
data column coll, col2 to processing units 3a-5g of a
MPP-system 4. The partitioning was derived by usmg
certain hash key for distributing the data to the processing
units Sa-3g.

Assuming an inner-join operation to be processed by each
processing unit Sa-5g, e.g. the operation
“SELECT from TABLE1l tl1, TABLE2 112 where

tl.coll=t2.col2” each processing unit 5a-5¢ has to pro-

cess an inner-join operation based on the assigned data.

For estimating the workload of each processing unit 5a-5¢g

in order to avoid intermediate data skew, the number of

rows ol the sub-tables generated by the respective pro-
cessing units 5a-5g will be estimated by using the fol-
lowing equation:

10

15

20

25

30

35

40

45

50

55

60

65

12

b b (formula 13)
max( f f;(x)dx, O]ﬁamax( f g;(x)dx, U]

min(ed, , )

Fla,b) =

wherein 1(x): density distribution function of the first data
column;

g(x): density distribution function of the second data

column;

a, b: starting row and end row of the respective columns

which are incorporated into the join;

u,': number of unique values of the data of the first data

column which are assigned to processing unit 1;
u,”: number of unique values of the data of the second data
column which are assigned to processing unit 1;
F(a,b): estimated number of rows of the resulting joined
sub-table by jomning subsets of data assigned to pro-
cessing unit 1.

It 1s worth mentioning, that the interval between the
starting row a and the end row b i1s not sub-divided 1n
sections or segments (cf. formula 13 vs. formula 7). Seg-
menting may not be necessary 1f there are no roots of the first
and second density distribution function 1(x), g(x). If nec-
essary or favored, segmenting may be applied, 1.e. formula
7 1s used 1nstead of formula 13 for estimating the number of
rows ol the sub-tables generated by the respective process-
ing units.

After performing the estimation, the obtained results may
be compared 1in order to determine the distribution of
workload between the different processing units 3a-5g.
Preferably the spread of estimated cardinalities of the sub-
tables 1s evaluated. If the number of estimated rows of a
sub-table being generated by a certain processing unit sig-
nificantly exceeds the number of estimated rows of the
sub-tables being generated by the other processing units, the
distribution of workload may be untavorable. Therefore, the
actual order of join operations will be treated as worse and
the order of join operations will be changed i1n order to
archive a better distribution of workload.

According to the example of FIG. 6, processing unit 5d
will be the overloaded processing unit. By using the esti-
mation according to formula 13, the number of rows of the
sub-table processed by processing unit 54 will be

18(12*3]
2 e

, which significantly exceeds the number of rows of the
sub-tables processed by the other processing units.

The advantage of the upper mentioned method of using
statistical information related to the respective processing
units Sa-5¢ may be even more apparent when comparing
with a method using statistical information gathered on
entire database level. Taking again the example of FIG. 6, an
equal distribution of data to the processing units Sa-5g may
be assumed, 1.e. each processing unit may get 26/7=~3,7 of
the rows of the first data column and 14/7=2 rows of the
second data column. Taking worst case scenario 1nto
account, the attribute values of the distributed rows will be
the same. Therefore the average number of rows of the
joined sub-tables may be estimated as 3,7%2=7.,4. Therefore
the accuracy of the of the proposed method using statistical
information related to the respective processing units Sa-5g
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1s much better than using an estimation based on statistical
information gathered on entire database level.

As described herein, one objective of embodiments of the
invention 1s to provide for an improved computer-imple-
mented method, computer-readable medium and computer
system for optimizing the order of execution of multiple join
operations. The objective 1s solved by the features of the
independent and/or dependent claims. One or more embodi-
ments are further described and claimed in the dependent
claims. If not explicitly indicated otherwise, embodiments of
the 1nvention can be freely combined with each other.

In one embodiment, the present invention relates to a
computer-implemented method for optimizing the order of
execution of multiple join operations based on at least a first
and a second data column 1n a database system having
multiple processing umits, the method comprising the fol-
lowing steps:

providing at least a first partittoming of the first data

column splitting the first data column 1n a plurality of
subsets of rows, each subset of rows being correlated
with a processing unit;

providing at least a second partitioning of the second data

column splitting the second data column 1n a plurality
of subsets of rows, each subset of rows being correlated
with a processing unit;
providing at least a first value frequency information for
cach processing unit, the first value frequency infor-
mation indicating the frequency of attribute values
within the subset of rows of the first data column
processed by the respective processing unit;

providing at least a second value frequency information
for each processing unit, the second value frequency
information indicating the frequency of attribute values
within the subset of rows of the second data column
processed by the respective processing unit;

estimating the cardinalities of sub-tables derived by the
respective joining of the subset of rows of the first data
column and the subset of rows of the second data
column which are processed by the same processing
unit, wherein the estimation of cardinalities 1s based on
the first and second value frequency information of the
respective processing unit; and

optimizing the order of execution of multiple join opera-

tions based on the estimated cardinalities of the sub-
tables.

After distributing the first and second data column, 1.e.
splitting the data of the first and second data column into
subsets of rows, wherein each subset of rows 1s assigned to
a particular processing unit, value frequency imnformation for
cach data column and for each processing unit 1s provided
which indicates the spread of data, 1.e. the distribution of
data within the respective data column. Thereby the value
frequency information does not represent the distribution of
data in the whole column, 1.e. independent of partitioning,
but represents the distribution of data restricted to a certain
processing unit of the MPP system. In other words, the
distribution of data 1s provided on a lower level of granu-
larity, 1.e. not on the level of the all rows of the respective
column, but on the level of subsets of rows, that are
processed by the respective processing unit. The value
frequency information related to a certain processing unit
and column may be used for estimating the cardinalities of
sub-tables derived by joining two subsets of rows and
thereby deriving information about the distribution of work-
load among all processing units. This information may be
gathered already in the planning phase of a query to avoid
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intermediate data skew by using a different query execution
plan, 1.e. a diflerent order of join operations.

According to one or more embodiments of the present
invention, the spread of estimated cardinalities of the sub-
tables 1s evaluated for optimizing the order of execution of
multiple join operations. After estimating the cardinalities of
the sub-tables generated by the processing umts, the
obtained results may be compared in order to determine the
distribution of workload among the processing units. In case
that the spread exceeds a certain level, the evaluated order
ol join operations may be considered disadvantageous and
another order of join operations may be chosen.

According to one or more embodiments of the present
invention, the first value frequency information 1s provided
as a set of first value frequency information, said set
comprising different first value frequency information, each
first value frequency information being correlated with a
certain partitioning of the first data column. As mentioned
above, the value frequency information i1s provided on the
level of processing units. It 1s worth mentioming that the
subset of rows assigned to the respective processing unit
mainly depends on the way of partitioning the data, 1.e.
distributing the data among the processing umts. For
enabling the estimation of number of rows for different
partitionings, a set of first value frequency information 1s
provided which covers several, preferably the most com-
monly used partitionings of the first data column. Similarly,
a set of second value frequency information 1s provided
which comprising different second value frequency infor-
mation for several, preferably the most commonly used
partitionings of the second data column.

According to one or more embodiments of the present
invention, further statistical information regarding the num-
ber of unique values of data 1s provided 1 a column-
separated, partitioming-separated and processing unit-sepa-
rated manner. The number of unique values contained 1n a
subset of rows of a certain column has a strong impact on the
estimation of cardinality of the joined sub-table. Therefore 1t
1s advantageous to store that information 1n a statistics unit
and take said information into account while performing the
estimation. In addition, further statistical information may
be stored, e.g. minimum and/or maximum values of the
attribute values contained in a subset of rows of a certain
column, the dispersion of attribute values etc. As previously
mentioned 1n connection with the first and second value
frequency information, also all further statistical information
1s provided correlated to a certain processing unit and
correlated with a certain partitioning.

According to one or more embodiments of the present
invention, first and second value frequency information 1s
provided as a density distribution function describing the
frequency of the attribute values within the subset of rows of
the first or second data column processed by the respective
processing unit. Preferably the density distribution function
1s a polynomial function which 1s derived by approximating
the density distribution function based on information gath-
ered during several previous queries.

According to one or more embodiments of the present
invention, the density distribution function 1s provided as
integrable function. Said feature may be advantageous as 1t
1s possible determine the cardinality of the joined sub-table
in a simple and fast way, especially 1t the entity performing
the estimation has implemented some basic analytical func-
tionality.

According to one or more embodiments of the present
invention, the first and second value frequency information
1s derived based on feedback of previously performed que-
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ries. A query-feedback based algorithm may use information
of previous queries to determine the spread of data values
within a certain subset of rows (depending on the partition-
ing of data). By using information of several previous
queries, a density distribution function may be determined
which 1s representing the spread of data values. For
example, on the basis of information of several previous
queries a polynomial can be deduced which 1s approximat-
ing the frequency of distinct values.

According to one or more embodiments of the present
invention, data for generating first and second value fre-
quency information are collected by the respective process-
ing units. Especially when using query feedback based
algorithms, the information regarding the spread of data are
directly available at the respective processing units. Thereby
collection of data by the processing units simplifies the
process of gathering statistical data.

According to one or more embodiments of the present
invention, data for generating first and second value ire-
quency 1nformation are transmitted to a central processing
unit to generate first and second value frequency informa-
tion. Not only the generation of first and second value
frequency information but also refreshing or updating of
data requires computational effort. Therefore 1t may be
advantageous to use a central processing unit for said
generating of first and second value frequency information
because the processing units handling the queries are not
aflected 1n a negative way.

According to one or more embodiments of the present
invention, first and second value frequency information 1s
stored for later reuse. Additionally, upper mentioned further
statistical information may be stored for later reuse. Thereby
it 1s possible to gather a plurality of information which can
be used for improving the performance of future queries.

In a further aspect of the present invention, the ivention
relates to a database system having multiple processing units
for parallel processing of join-operations based on at least a
first and a second data column comprising

means for providing at least a first partitioning of the first
data column splitting the first data column 1n a plurality
ol subsets of rows, each subset of rows being correlated
with a processing unit;

means for providing at least a second partitioning of the
second data column splitting the second data column 1n
a plurality of subsets of rows, each subset of rows being
correlated with a processing unit;

a statistics unit for providing at least a first value 1fre-
quency nformation for each processing unit, the first
value frequency information indicating the frequency
of attribute values within the subset of rows of the first
data column processed by the respective processing
unit;

a statistics umit for providing at least a second value
frequency information for each processing unit, the
second value frequency information indicating the fre-
quency of attribute values within the subset of rows of
the second data column processed by the respective
processing unit;

means for estimating the cardinalities of sub-tables
derived by the respective joining of the subset of rows
of the first data column and the subset of rows of the
second data column which are processed by the same
processing unit, wherein the estimation of cardinalities
1s based on the first and second value frequency infor-
mation of the respective processing unit; and
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a query optimizer adapted to optimize the order of execu-
tion of multiple join operations based on the estimated
cardinalities of the sub-tables.

While the foregoing has been with reference to particular
embodiments of the invention, 1t will be appreciated by
those skilled in the art that changes 1n these embodiments
may be made without departing from the principles and
spirit of the ivention, the scope of which 1s defined by the
appended claims.

What 1s claimed 1s:
1. A method for optimizing an order of execution of
multiple join operations based on at least a first data column
and a second data column 1n a database system having
multiple processing units, the method comprising;
providing, by one or more processors, at least a {first
partitioning of the first data column, wherein said at
least the first partitioning splits the first data column
into a plurality of first subsets of rows, each of the first
subsets of rows being correlated with a distinct pro-
cessing unit from the multiple processing units,
wherein each of the first subsets of rows are handled by
processing units that differ from one another;

providing, by one or more processors, at least a second
partitioning of the second data column, wherein said at
least the second partitioning splits the second data
column 1nto a plurality of second subsets of rows, each
of the second subsets of rows being correlated with a
distinct processing unit from the multiple processing
units, wherein each of the second subsets of rows are
handled by processing units that differ from one
another:

estimating, by one or more processors, cardinalities of

sub-tables derived by a respective joining of a subset of
rows of the first data column and a subset of rows of the
second data column which are processed by a same
processing unit from the multiple processing units,
wherein the cardinalities of the sub-tables describe a
quantity of rows in the sub-tables, and wherein the
cardinalities of the sub-tables derived by the respective
joining of the subset of rows of the first data column
and the subset of rows of the second data column are
estimated according to:

Fla, b) =

# max(ujl , ME)

( i+1 *i+1 )
max[ f fix)dx, O] max[ f g(x)dx, D]
% . # al -
Y 74 it

/

where X,=a;

X, =b;

X E[a,b];

1(x) 1s a density distribution function of a first data column
R;

g(x) 1s a density distribution function of a second data
column S;

a, b are a starting row and end row of respective columns
R and S which are incorporated into a join;

U,’ is a number of unique values of the first data column
R 1n a respective interval 1;

U,' is a number of unique values of the second data
column S 1n the respective interval 1;

F(a,b) 1s an estimated number of rows of a resulting joined
table T by joining the first and second data columns R,
S m an 1mterval [a,b];
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max( f e f(x)dx, 0]

i
Uy

represents an average number of rows per unique value
n an [X;;X,, ,]-section for the first data column R;

Xi+1
max( f g(x)dx, D]
Z

represents an average number of rows per unique value
in the [x;;X,, ,]-section for the second data column S;
and
max (U,’,U,") is used to derive a maximum value of
numbers of unique values contained 1n [X;X, ,]-se-
quences of the first and second data columns R, S; and

optimizing, by one or more processors, an order of
execution of multiple join operations based on the
estimated cardinalities of the sub-tables, wherein opti-
mizing the order of execution of the multiple join
operations avoids intermediate data skew by joining
sub-tables having quantities of rows that have a same
value.

2. The method according to claim 1, wherein a spread of
estimated cardinalities of the sub-tables 1s evaluated for
optimizing the order of execution of multiple join opera-
tions.

3. The method according to claim 1, wherein the first
value frequency information 1s provided as a set of first
value frequency mformation, said set of first value frequency
information comprising different first value frequency infor-
mation, each first value frequency information being corre-
lated with a certain partitioming of the first data column.

4. The method according to claim 1, further comprising;:

providing, by one or more processors, at least a first value

frequency information for each processing unit from
the multiple processing units, the first value frequency
information indicating a frequency of attribute values
within the subset of rows of the first data column
processed by a respective processing unit from the
multiple processing units; and

providing, by one or more processors, at least a second

value frequency information for each processing unit

from the multiple processing units, the second value

frequency information indicating a frequency of attri-

bute values within the subset of rows of the second data
column processed by the respective processing unit
from the multiple processing units; wherein the second
value frequency information 1s provided as a set of
second value frequency information, the set of second
value frequency information comprising diflerent sec-
ond value frequency information, each second value
frequency mformation being correlated with a certain
partitioning of the second data column.

5. The method according to claim 4, wherein different first
and second value frequency information 1s provided for
multiple, frequently used partitionings.

6. The method according to claim 1, wherein further
statistical information regarding a quantity of unique values
of data 1s provided 1mn a column-separated, partitioning-
separated and processing unit-separated manner.
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7. The method according to claim 4, wherein the first
value frequency information and the second value frequency
information are provided as a density distribution function
describing a frequency of the attribute values within the
subset of rows of the first or second data column processed
by the respective processing units from the multiple pro-
cessing units.

8. The method according to claim 7, wherein the density
distribution function 1s provided as an integrable function.

9. The method according to claim 4, wherein the first
value frequency information and the second value frequency
information are derived based on feedback of previously
performed queries to the first and second data columns.

10. The method according to claim 4, wherein data for
generating the first value frequency information and the
second value frequency information are collected by the
respective processing units from the multiple processing
units.

11. The method according to claim 4, further comprising:

transmitting data for generating the first value frequency
information and the second value frequency informa-
tion to a central processing unit; and

generating, by the central processing unit, the first value
frequency imnformation and the second value frequency
information.

12. The method according to claim 4, further comprising;:

storing the first value frequency information and the
second value frequency information for later reuse.

13. The method according to claim 1, wherein the cardi-
nalities of sub-tables are estimated before starting the mul-
tiple join operations.

14. A database system having multiple processing units
for parallel processing of join-operations based on at least a

first and a second data column, the database system com-
prising;:
hardware means for providing at least a {irst partitioning
of the first data column splitting the first data column 1n
a plurality of subsets of rows, each subset of rows being
correlated with a distinct processing unit from multiple
processing units, wherein each of the first subset of
rows are handled by processing umts that differ from
one another;

hardware means for providing at least a second partition-
ing of the second data column splitting the second data
column 1nto a plurality of subsets of rows, each subset
of rows being correlated with a distinct processing unit
from the multiple processing units, wherein each of the
second subsets of rows are handled by processing units
that differ from one another;

hardware means for estimating the cardinalities of sub-
tables derived by the respective joining of a subset of
rows of the first data column and a subset of rows of the
second data column which are processed by a same
processing unit from the multiple processing units,
wherein the cardinalities of the sub-tables describe a
quantity of rows in the sub-tables, and wherein the
cardinalities of the sub-tables derived by the respective
joiming of the subset of rows of the first data column
and the subset of rows of the second data column are
estimated according to:
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Fla, b) =

( Xi+1 Xi+1 )

n—1 maw{ f(x)dx, 0] max( f g(x)dx, C']
~ - # & -

: : Y 7 ith

=0

* max(u"l : ué) .

A

where x,=a;

X =b; 10

x.E[a,b];

1(x) 1s a density distribution function of a first data column
R;

g(x) 1s a density distribution function of a second data
column S;

a, b are a starting row and end row of respective columns
R and S which are incorporated into a join;

U,’ is a number of unique values of the first data column
R 1n a respective interval 1;

U,” is a number of unique values of the second data
column S 1n the respective interval 1;

F(a,b) 1s an estimated number of rows of a resulting joined
table T by joining the first and second data columns R,
S 1n an 1nterval [a,b]; 55

max( A f(x)dx, 0]
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represents an average number of rows per unique value
in an [X;;X,, ,]-section for the first data column R;

Ai+1
max( f g(x)dx, [}]
7

35

40

represents an average number of rows per unique value
in the [x;;x,, , ]-section for the second data column S;
and

max (U,’,U,") is used to derive a maximum value of

numbers of unique values contained in [X;;X,, ]-se-
quences of the first and second data columns R, S; and

a hardware query optimizer adapted to optimize an order

of execution of multiple join operations based on the
estimated cardinalities of the sub-tables, wherein opti-
mizing the order of execution of the multiple join
operations avoids intermediate data skew by joining
sub-tables having quantities of rows that have a same
value.

15. A computer program product for optimizing an order 55
ol execution of multiple join operations based on at least a
first data column and a second data column in a database
system having multiple processing units, the computer pro-
gram product comprising a computer readable storage
medium having program code embodied therewith, the 60
program code readable and executable by a processor to
perform a method comprising:

providing at least a first partitoming of the first data

column, wherein said at least the first partitioning splits
the first data column 1nto a plurality of first subsets of 65
rows, each of the first subsets of rows being correlated
with a distinct processing unit from the multiple pro-

I+1

45

20

cessing units, wherein each of the first subsets of rows
are handled by processing umts that differ from one
another:

providing at least a second partitioning of the second data
column, wherein said at least the second partitioning
splits the second data column into a plurality of second

subsets of rows, each of the second subsets of rows
being correlated with a distinct processing unit from the
multiple processing units, wherein each of the second
subsets of rows are handled by processing units that
differ from one another;

estimating cardinalities of sub-tables derived by a respec-
tive joining of a subset of rows of the first data column
and a subset of rows of the second data column which
are processed by a same processing umt from the
multiple processing units, wherein the cardinalities of
the sub-tables describe a quantity of rows 1n the sub-
tables, and wherein the cardinalities of the sub-tables
derived by the respective joining of the subset of rows
of the first data column and the subset of rows of the
second data column are estimated according to:

Fla, b) =

# max(mtfl : Hf?)

( Xi+1 Xit1 )
n—1 max[ flx)dx, D] max( f g(x)dx, 0]
i : i o .
\ U Uy

/

where x,=a;

X, =b;

X E[a,b];

1(x) 1s a density distribution function of a first data column
R;

g(x) 1s a density distribution function of a second data
column S;

a, b are a starting row and end row of respective columns
R and S which are incorporated into a join;

U,’ is a number of unique values of the first data column
R 1n a respective interval 1;

U,' is a number of unique values of the second data
column S 1n the respective interval 1;

F(a,b) 1s an estimated number of rows of a resulting joined
table T by joining the first and second data columns R,
S m an 1mterval [a,b];

represents an average number of rows per unique value
in an [X;;X,, ;]-section for the first data column R;

Ai+1
ma){ f g(x)dx, U]
Z

represents an average number of rows per unique value
in the [x;x._,]-section for the second data column S;
and

max (U,",U,’) is used to derive a maximum value of
numbers of unique values contained 1n [X;:X, ,]-se-
quences of the first and second data columns R, S; and
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optimizing an order of execution of multiple join opera-
tions based on the estimated cardinalities of the sub-
tables, wherein optimizing the order of execution of the
multiple join operations avoids mtermediate data skew
by joining sub-tables having quantities of rows that
have a same value by joining sub-tables having quan-
tities of rows that have a same value.

16. The computer program product according to claim 15,
wherein a spread of estimated cardinalities of the sub-tables
1s evaluated for optimizing the order of execution of mul-
tiple join operations.

17. The method according to claim 1, further comprising:

identifying, by one or more processors, the frequency of

attribute values for the subset of rows of the first data
column and the subset of rows in the second data
column using sampling of data from the first data
column and the second data column.

18. The method according to claim 1, further comprising:

identifying, by one or more processors, all rows 1n a

column 1n the database system that store a same attri-
bute value; and

merging, by one or more processors, all rows in the

column 1n the database system that store the same
attribute value 1 a same processing unit.
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